Aging and deterioration of existing steel structures necessitates the development of simple and efficient rehabilitation techniques. The authors have developed a tensile force strengthening method using bonded carbon fiber reinforced plastic (CFRP) plate to enhance the lives of existing buildings. This paper reports the results of compressive loading tests on an angle steel brace before and after rehabilitation using bonded CFRP plates. These results show enhanced compressive force carrying capacity and deformation capacity as follows.
INTRODUCTION
A Steel Tower to transmit the power was designed by a standard based on allowable stress concept. A steel tower which transmits a necessary outside power supply to cool a nuclear reactor had collapsed due to great Tohoku earthquake in the first Tokyo Electric Fukushima Nuclear Power Plant. It is very important to keep a function of power supply alive during and after sever earthquake ground motion. Fujii et al.(Fujii, 2004) was pointed out that the higher axial force acts on tall steel tower under severe earthquake such as Hyogoken-Nanbu earthquake than under strong wind of 40 m/s averaged speed. That is because the natural period of tall steel tower accorded in predominant period of base ground and damping ratio of tall steel tower is less than 1.0 %. To keep a function of the tower during and after earthquake, main column member such as steel angle member must be strengthened against the compressive force. The authors have developed a tensile force strengthening method using bonded carbon fiber reinforced plastic (CFRP) plate to enhance the lives of existing buildings. Aging and deterioration of existing steel structures necessitates the development of simple and efficient rehabilitation techniques. To enhance the strength and plastic deformation capacity of steel structural members, a rehabilitation technique is required for compressive force strengthening as well as for tensile force strengthening. Ordinary fiber reinforcement is used for tensile force strengthening. To demonstrate the applicability of compressive force strengthening using bonded CFRP plates for steel structures, monotonically axial load tests were performed on angle steel members with bonded CFRP plates. It was thus verified that the compressive load carrying capacity of members with bonded CFRP plates is 1.9~3.0 times higher than those without plates. Even if the angle member buckles under axial load, there is no concentration of plastic deformation around the kinked portion (Tamai et al, 2005 (Tamai et al, , 2006 . Buckling tests were performed on full-scale angle steel members of a transmission steel tower as an application example (Tamai et al, 2008) .
Practical reinforcement design for this tower required a design formula for easily evaluating the effect of bonded CFRP plates. Hence, concentrically axial loaded tests were performed on rehabilitated angle steel members with various effective lengths. A strut strength curve expressing the relation between slenderness ratio and buckling strength was thus derived. We also proposed a simple design formula for the reinforcement effect of bonded CFRP.
DESIGN FORMULA FOR STRENGTHENING BY BONDED CFRP PLATES

Compression steel angle member bonding CFRP plates
A compression steel angle member with bonded CFRP is shown in Figure 1(a) , and the adhesion method is shown in Figure 1(b) . The test specimens were angle steel members with carbon fiber plastic plate (CFRP) bonded to their outer surfaces. Two types of CFRP plates were used: TL (high tenacity type carbon fiber, thickness=2mm) and ML (middle modulus type carbon fiber, thickness=2mm). The mechanical properties of these materials are shown in Tables 1(a),(b). The CFRP and adhesive hardened test method was based on the Japan Industrial Standard K7073, K7203. Young's moduli for the CFRP plates were 169kN/mm 2 (TL) and 296kN/mm 2 (ML), which are almost the same as or greater than those of the steel plate. The tensile strengths of the CFRP plates were 3085N/mm 2 (TL) and 2169N/mm 2 (ML), which are 5-7 times of that of steel. The elongation of TL was 1.52% and that of ML was 0.71%. Both the CFRP plates broke suddenly at maximum load. The ML CFRP plate broke into small pieces and the TL CFRP plate exhibited axial tearing. A serrated fracture surface of the fiber was observed in the CFRP plates (TL and ML). Construction by bonding CFRP plates does not need a strong scaffold because CFRP plates are light and easy bond to the members. 
Design formula for strengthening by bonding CFRP plates
In this section, we propose a strength curve for rehabilitated angle steel members using bonded CFRP plates. The assumptions are: 1) Compression stress is normalized by the area of the steel member.
2) Yield stress for the composite member takes into account the CFRP contribution of axial load resistance up to steel yield. We imitate the strut curve of the design standard for steel structures, (AIJ, 2005) , and adopt the assumptions above. Strut strengths σ e of the rehabilitated steel angle with bonded CFRP plates are: For The flexural rigidity of a composite member was calculated assuming that the sectional plate normal remains perpendicular to the centroid after deformation. This assumption is the so called Euler-Bernoulli's hypothesis.
Figure 2. Concentrically axial loading test machine
Figures 3(a),(b). Measurement system
Tables 2(a),(b). List of test specimens
CONCENTRICALLY AXIAL LOADED TEST
Test specimen and test setup
A test specimen is shown in Figure 1 (a) . As shown, it is an L-50x50x4 angle steel member with 2 plies of ML CFRP plate bonded to its outer surface and rectangular steel plates welded to its ends. The adhesion method is shown in Figure 1(b) . The surface mill scale was removed with a grinding machine, and the surface was then polished with glass paper (#100). The adhesion agent was epoxy resin hardened at room temperature. Specimens with lengths of 800, 1000, 1170, 1300, 1500, 1600mm were tested, so as to vary the slenderness ratio. Unstrengthened specimens were also tested as references, making a total of twelve specimens. Tables 2(a),(b) show (a) unstrengthened specimens and (b) strengthened specimens, equivalent slenderness ratio, * λ , thickness of adhesive layer 1 2 , t t . The mechanical properties of the materials, i.e., the angle steel, CFRP, and hardened adhesive, are shown in Tables 1(a) ~(c). The test apparatus, a concentrically axial loading machine, is shown in Figure 2 . The loading program was monotonic until failure was detected. 
Measurement method
The axial load, P, was measured from a load cell in the upper joint. Central deflection in the weak-axis direction, h δ , and shrinkages of end tabs , 
The measured variables are illustrated in Figure 3 (b).
TEST RESULTS AND DISCUSSIONS
Test results
The results are shown in Figures 
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Photographs 1(a),(b). Failure pattern after tests
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Discussion
From the test results, we can determine the following: ・Axial rigidity From Figure 4 and Figure 6 (a), we can see that the flexural rigidity is increased by the bonded CFRP plates, and hence the buckling strength is increased. However, the axial rigidity is almost the same before and after bonding CFRP plates except in the initial small loading range. This is because the large deflection at the central section reduces the axial stiffness, and the edge of the CFRP does not transfer axial load. Hence, the axial force resistance of the CFRP plates requires large shear deformation of the adhesive layer.
・Applicability of strut strength design curve under elastic region From Table 3 (b) and Figure 4 , we can see that for equivalent slenderness ratios larger than 78, the flexural rigidity obtained from the experiment is larger than obtained from the formula. Hence, Euler's theory can be adopted in the elastic range for a composite member. From Figure 5 and Figures 6(a) ,(b),(c), we can see that for equivalent slenderness ratios smaller than 78, the strengthened specimen (for instance L50-06C specimen) has 1.2 times higher maximum strength than the fully plastic axial force of the steel angle. The strain of the CFRP (ML) plate when buckling occurred reached the plastic strain of steel (=1200μ). Hence, the equivalent yield stress obtained from the formula takes into account the CFRP plate's axial resistance when its strain reaches steel-yield strain. The presented design formulae of Eqns. (1.a) and (1.b) accurately predict strut strength of rehabilitated steel angle with bonded CFRP plates.
・Failure pattern From Photographs 1(a),(b), we can see that, except for the short specimens (for instance, L50-08C specimen), all specimens buckled at their centers in the weak-axis direction. In L50-08C specimen, local buckling was observed at the end of the steel angle. For short members, adhesion is required over their full lengths.
CONCLUSION
This paper has reported the results of compressive loading tests on an angle steel member before and after rehabilitation using bonded CFRP plates. The results showed enhanced compressive force carrying capacity and deformation capacity as follows. 1) Although buckling tests showed enhanced flexural rigidity, there was no increment of axial stiffness. 2) An elastic buckling formula using the experimental flexural rigidity from a calculation, gave a conservative evaluation of load carrying capacity. 3) Taking into account the contribution of CFRP up to the elastic limit strain of the steel member, its load carrying capacity could be obtained from the formula of Design Standard for Steel Structures of AIJ. 4) The CFRP must be bonded over the full length of the angle member.
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